Abstract-Supporting massive numbers of machine-type communication (MTC) devices poses several challenges for future 5G networks, including network control, scheduling, and powering these devices. A potential solution is to offload MTC traffic onto device-to-device (D2D) communication links to better manage radio resources and reduce MTC devices' energy consumption. However, this approach requires D2D users to use their own limited energy to relay MTC traffic, which may be undesirable. This motivates us to exploit recent advancements in RF energy harvesting for powering D2D relay transmissions. In this paper, we consider a D2D communication as an underlay to the cellular network, where D2D users access a fraction of the spectrum occupied by cellular users. This underlay model presents a fundamental trade-off: to protect cellular users, the spectrum available to D2D users needs to be reduced, which limits the number of D2D transmissions, but increases the amount of time that D2D users can spend harvesting energy to support MTC traffic. We study this trade-off by characterizing the spectral efficiency of MTC, D2D, and cellular users using stochastic geometry. The optimal spectrum partition factor is characterized to achieve fairness and balance in the network, while increasing the average MTC spectral efficiency.
I. INTRODUCTION AND MOTIVATION

I
N THE last decade, the Internet of Things (IoT) has been under the spotlight of attention of the research community and industry. IoT allows physical objects to tightly interact and coordinate together to provide ubiquitous services in a myriad of applications including, but not limited to health-care, public safety, environmental management, vehicular networks, industrial automation, and so on. The "things" such as sensors, smart meters, radio-frequency identification (RFID) tags, and devices, are interconnected together either directly or through a gateway device, providing seamless connectivity to objects located in different locations of the world [1] . Machine-type communications (MTC), a new technology related to IoT and defined by the 3rd Generation Partnership Project (3GPP), enables machine-related communications to run over current cellular networks [2] , providing MTC devices with ubiquitous coverage, global connectivity, reliability and security. MTC is characterized by a vast network of interconnected machines generating a large amount of aggregate traffic, allowing the creation of new services and applications. For instance, Cisco estimated that the number of MTC devices would grow from 604 million machines in 2015 to 3.1 billion machines by 2020 [3] . These machines would enable the access to a large amount of valuable information through their smart decision making with little or no human interaction.
With MTC foreseen to be employed on a large scale with tight intensive interactions among its devices, it creates a set of challenges for cellular network providers [4] . First, current cellular networks will be unable to handle MTC traffic as they are designed and optimized for human communications. This means that the enormous number of machines attempting to access the spectrum will rapidly cause congestion due to signaling overhead. Second, MTC traffic is characterized by short transmissions, usually composed of few bytes which may require a number of radio resources below the minimum allocated to a cellular device, leading to packet scheduling problems and thereby affecting network capacity [5] . Third, in a massive MTC network, wireless channels become unreliable due to multipath fading and interference from other MTC devices. One costly solution is to equip MTC devices with multiple antennas to achieve spatial diversity gain; however this becomes impractical due to their compact sizes [6] .
To provide a potential solution to the above problems, device-to-device (D2D) communication allows users in close proximity to bypass the base stations (BSs) and communicate directly with each other. Due to the ubiquitous cellular coverage, MTC devices are expected to be deployed in close proximity to a cellular device [7] . Therefore, offloading MTC traffic on D2D links can help efficiently manage radio resources, spectrum access and can contribute to a reduction in energy consumption of MTC devices. In addition, D2D helps offload part of the organic cellular traffic, which can improve spectral utilization, increase capacity, decrease delay, extend cellular coverage, and increase energy efficiency. The D2D solution can help support the massive deployment of MTC devices, especially considering that conventional cellular networks cannot support hundreds or thousands of MTC devices making attempts to access the spectrum and set up communications. However, the D2D-assisted MTC communications approach requires D2D relays to use their own limited energy to forward data for MTC devices, which may be undesirable for the D2D users [8] . To overcome this problem, we propose to exploit advances in RF energy harvesting to 0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Different D2D spectrum sharing scenarios (adapted from [11] ).
enable D2D relays to harvest ambient RF energy. 1 Similar to [10] , we assume that users cannot simultaneously transmit and harvest RF energy. Moreover, we consider D2D communication as an underlay to the cellular network, where D2D users access a fraction of the spectrum occupied by cellular users, while MTC devices use orthogonal spectrum resources. Different D2D deployment scenarios including overlay in-band D2D, underlay in-band D2D and out-of-band D2D have been thoroughly analyzed and compared in [11] in terms of optimal spectrum partitioning, spectral efficiency and rates of D2D and cellular users. It was shown that the underlay model can achieve a higher throughput because it utilizes the spectrum more efficiently compared to the overlay model where D2D and cellular users access orthogonal in-band spectrum (see Fig. 1 ).
When combining the spectrum partition factor with D2D-assisted MTC communication based on RF energy harvesting, we face a fundamental trade-off: reducing the spectrum partition factor to protect cellular users from underlaid D2D transmissions reduces the probability that user equipments (UEs) operate in D2D mode [11] , but increases the amount of time that UEs can spend harvesting energy to support relaying MTC traffic 2 . Therefore, the spectrum partition factor should be set small enough to simultaneously manage interference to cellular users and to ensure that UEs harvest sufficient energy for relaying, but not so small that too few UEs operate in D2D mode to realize the benefits of D2D-assisted MTC communication. The objective of this paper is to study this trade-off analytically using stochastic geometry tools.
A. Related Work
Relays have been extensively investigated in literature to minimize power consumption, extend coverage, and increase capacity of wireless networks. All the mentioned benefits of D2D networks can be further enhanced by employing relays [42] . Additionally, unlike infrastructure relay nodes in 3GPP LTE-Advanced networks, D2D relays do not increase infrastructure costs for the network operator, which makes them appealing. Although the research on D2D-assisted MTC communications 1 It has been shown that it is possible to harvest 3.5 mW of power at a distance of 0.6 meters and 1 uW at a distance of 11 meters using a Powercast RF energy harvester module operating at 915 MHz [9] . 2 In this paper, we only assume energy harvesting for D2D relays.
is limited, a few papers have already investigated this interesting network model, e.g., [12] - [14] . Condoluci et al. [12] considered clustered MTC devices communicating over D2D links, where WiFi-Direct and LTE-Direct were compared in terms of latency and energy efficiency. It was shown that LTE-Direct technology is capable of providing the most energy efficient communication for MTC devices when their number is high. Rigazzi et al. [13] studied the latency-power trade-off of aggregating MTC traffic on D2D links, where they showed that the transmit power can be significantly reduced by increasing the frame length, but at the expense of higher latency. In [14] , a multi-hop D2D communication scheme for MTC was proposed along with a resource allocation strategy to meet the requirements of MTC traffic.
Next, we provide a brief literature summary on relayassisted D2D communications in cellular networks. Lin [15] considered a two-hop relay-assisted D2D network model, where they derived its total achievable transmission capacity; however, this work did not take into consideration the correlated interference at the relay and at the destination nodes, which can affect the whole system performance as was shown in [16] . In this paper, we consider the correlated interference.
RF energy harvesting was considered in [17] for cognitive radio networks. An RF power conversion circuit extracts DC power from the received RF signals. This RF power conversion circuit is activated only when the received RF power in the RF energy harvesting zone around an access point (AP) is greater than a predesigned threshold, which depends on circuit sensitivity. However, the authors did not characterize the probability of harvesting RF energy in terms of the spatial locations of ambient RF signals. In addition, the impact of RF energy harvesting on the network's performance was not analyzed. In this paper, we obtain a closed-form expression of the expected RF energy harvesting rate by considering the spatial locations of all cellular transmitters that contribute to the aggregate RF energy at the receiver/harvester. In addition, we analyze, both analytically and through simulations, the effect of several parameters such as the cellular users' intensity (i.e., mean density) on the amount of harvested energy.
Similarly, in [10] , an energy harvesting region was considered for relay users, where they harvest ambient RF energy from access points in order to improve the communication reliability of D2D users. By considering energy harvesting, the authors derived the distribution of relays that increase the D2D transmission opportunities. Unlike our work, they did not characterize the spatial energy harvesting rate and they did not consider the effects of spatio-temporal correlated interference. Finally, in [18] , an energy harvesting model for IoT devices that does not require battery storage nor voltage converter was proposed. A test-bed implementation of the harvesting system showed an 8% increase in the amount of harvested power and 60% increase in device lifetime.
It should be noted that we are only considering energy harvesting for D2D users rather than cellular users, since the former require much less power to communicate over short distances, especially with the short payload of MTC traffic; hence the current advancements in RF energy harvesting [19] can be very useful for D2D users. Moreover, emerging D2D applications are usually data-hungry social networking applications such as wireless video streaming, media sharing, etc [20] . These applications generally consume more energy, where the RF harvested energy can offset some of the additional energy consumption of these applications.
B. Contributions and Organization
We summarize the contributions of this paper as follows:
• First, to the best of our knowledge, this is the first work to analyze the spectral efficiency of energy-harvesting based D2D-assisted MTC communication taking into consideration the correlation in the interference at D2D relay and destination nodes. This provides a more accurate characterization of system performance than existing work [21] . Furthermore, this is the first work to analyze the impact of RF energy harvesting on the spectral efficiency of MTC, D2D and cellular networks. Using tools from stochastic geometry, we obtain an analytical expression of the expected RF energy harvesting rate by making full use of spatial locations of cellular transmitters. Then, we obtain the average energy utilization rate by defining a transmission region for a D2D user. Finally, we characterize the average transmission probability of a D2D transmitter in terms of the expected energy harvesting rate and the average energy utilization rate.
• Second, we provide a tractable analytical framework for statistical analysis of D2D-assisted MTC communications underlaying cellular networks by characterizing the spectral efficiency of MTC, D2D and cellular networks.
• Third, the analytical framework allows us to highlight the gains achieved by offloading MTC traffic on D2D links, when compared to a system without any assistance from D2D communications. This would be extremely useful in future 5G networks where the support of massive MTC devices is important. In addition, our simulation results provide insights on the trade-off between increasing D2D transmission probability by harvesting more RF energy and the cellular spectral efficiency. The remainder of this paper is organized as follows. In Section II, a system model for a D2D-assisted MTC network underlaid with a cellular network is presented. Section III presents the RF energy harvesting model. Section IV presents the spectral efficiency analysis of cellular, D2D and MTC networks. Section V presents the simulations and analytical results. Finally, conclusions are drawn in Section VI. A list of the key mathematical notations used is given in Table I. II. SYSTEM MODEL Fig. 2 shows an example of a hybrid network that consists of cellular transmissions, D2D transmissions, and D2D relaying with RF energy harvesting, along with MTC devices (smart sensors, actuators, meters, etc.) grouped into clusters. We consider D2D communication as an underlay to the uplink cellular network, such that D2D users and cellular users (CUs) share the licensed uplink spectrum, while MTC devices use orthogonal spectrum resources. By using an uplink channel, the D2D transmitters experience less interference when compared to using the downlink, due to the lower transmit power of cellular users compared to that of the BS. In this paper, we consider both conventional D2D transmissions between two UEs and relaying D2D transmissions for MTC traffic. Different MTC applications have different data traffic characteristics. For instance, smart metering applications are characterized by low rate, infrequent and small data transmissions, whereas surveillance applications are characterized by high rate, frequent and large blocks data transmissions. This makes it essential to group MTC devices into clusters based on their common features, functionality and applications to make their operation and management easier for the operator. Cluster members send their data to a cluster head (CH), which collects all the data in a single packet and transmits it to the BS either directly or through a nearby D2D user. Offloading MTC on D2D links provides an efficient way to use radio resources, in addition to reducing the transmission power due to using intra-cluster communications and short range D2D links [22] . The locations of the macro BSs are modeled by a homogeneous Poisson point process (HPPP), B , with intensity λ B . Let A(k, R B ) denotes the coverage region of a macrocell, approximated by a disk with radius R B centered at a generic BS k [23] . The circle approximation can help simplify the problem formulation by reducing the number of variables that are needed to represent the system while having a comparable performance to the spatial locations in the entire plane [24] . In what follows, we refer to cellular and D2D users as UEs. UEs are modeled by an independent HPPP, U , with intensity λ U , while MTC devices are modeled by an independent HPPP, M , with intensity λ M . We assume that all UEs and devices use constant transmit powers, and we leave channel inversion power control for future research.
Mode Selection: Two operational modes are suggested for UEs: 1) cellular mode and 2) potential D2D mode. A potential D2D user is a user with D2D traffic which can either use the cellular or the D2D mode for communications based on one or a combination of different selection criteria. This means that a potential D2D user can switch between D2D and conventional cellular communications. In this paper, we use signal-to-interference-plus-noise ratio (SINR) thresholdbased mode selection and we conduct our analysis on a fixed topology that remains the same for a long period of time before changing (semi-static model), since the mode selection depends on the traffic generated in the network, which is very challenging and costly to obtain [11] . In what follows, we assume that mode selection has already been completed and thus we define the two different types of UEs in the network. Furthermore, we assume that MTC clustering has already been performed and we proceed with the performance analysis. 3 Types of Nodes: We differentiate between two different types of UEs i ∈ {D, C}, denoting D2D users and cellular users, respectively, in addition to MTC devices.
• D2D User: Here, a D2D user can either be a D2D transmitter or a D2D receiver. The UEs in D2D mode form a thinning PPP D from U , with intensity
A UE i is in D2D mode if the end-to-end SINR ratio of the direct link between transmitter and receiver is greater than or equal to θ D . In this paper, we assume that D2D users are willing to act as relays for MTC traffic as long as they have harvested enough energy to cover the cost of relaying. Thus, relays rely on "free" harvested energy when assisting MTC devices, rather than their own energy reserves. While this effectively "compensates" users for serving as relays, it 3 Clustering schemes for MTC have been thoroughly studied in the literature such as [25] .
does not necessarily provide users incentives to relay. For example, a selfish user would still prefer to keep the harvested energy for herself, rather than use it to relay data for MTC. We note that providing incentives to prevent this type of selfish behavior is out of the scope of this paper; however, in our prior work, we have investigated this problem for relay-assisted base stationto-device (B2D) communication (see [8] ). Furthermore, we assume that D2D users are trustworthy to relay MTC traffic; however in reality that might not be true since D2D users can be malicious or dishonest. This means that D2D users might attempt to modify MTC packets or decide not to transmit them for selfish purposes such as conserving their battery energy. Note that in [26] , the authors have investigated this topic by proposing a secure multi-hop device-to-device communication protocol to transport IoT traffic to the corresponding servers over the Internet where D2D users share secret keys to enable secure data forwarding. Note that D2D links are not just used for relaying MTC traffic, but they are also used in the conventional context to allow two UEs to communicate directly with each other.
• Cellular user: The UEs in cellular mode form a thinning PPP C from U , with intensity There is a D2D relay available in the vicinity of the MTCCH, and the endto-end SINR using a D2D relay is greater than a target threshold θ M . -Direct MTC Mode: There is no available D2D relay to provide services to the MTCCH; however the endto-end SINR ratio of the direct link between MTCCH and the BS is greater than θ M . Note that if this condition holds and there are available D2D relays, then by default, the CH will choose to go through the relay to save energy. Fig. 3 shows the topology of a D2D-assisted MTC link. We assume that distance D Y between the MTCCH and the BS is uniformly distributed with probability density function (PDF)
where μ m is the maximum allowable distance between an MTCCH and the BS. We define an assist region for an MTCCH i located at x i as A r (x i , R r ), which is a disk centered around the MTCCH i with a radius R r . The MTCCH selects the closest D2D relay in A r (x i , R r ). Therefore, the relays are randomly and independently located inside this disk with isotropic direction and Rayleigh distributed distance with PDF Furthermore, we assume that φ, the angle between the D2D relay, MTCCH, and the BS, is uniformly distributed between [−π/2, π/2], ( f (φ) = 1/π). By the law of cosines, we have:
The following lemma provides an expression for the distribution function of D Z .
Lemma 1:
Proof: See Appendix A. Let |B| 4 denote the number of cellular channels. D2D transmitters can access κ|B| channels randomly, where κ ∈ [0, 1] is the spectrum partition factor, which determines the fraction of spectrum available to D2D users [11] . The D2D transmit power P D is split among the κ|B| subchannels aŝ
Let us denote the channel SINR between nodes i and j by γ i, j . We define the number of all D2D relay users located in the assist region of an MTCCH located at x i as
. N r is a Poisson random variable with mean π R 2 r λ D . It should be noted that N r is not a function of relay users' locations x j . Thus, the probability that the MTCCH i cannot find any potential D2D relay within the assist region can be obtained as [17] : P (N r = 0) = e −π R 2 r λ D . Consequently, the probability that the MTCCH i can find at least one potential D2D relay is expressed as
In this paper, we assume that one D2D relay is able to support multiple MTCCHs, provided that it is within the assisting region of multiple MTCCHs. Although it is possible that one MTCCH can use multiple relays, for simplicity, we assume that each MTCCH can only have one D2D relay. This assumption reduces the overheads associated with relay association.
The distance between any two nodes i and j is denoted by x i − x j . We assume that UEs' and MTC devices' signal powers decay at a rate of l(i, j ) = x i −x j −α , where α > 2 is the path-loss exponent of MTC, cellular and D2D transmitters. Rayleigh fading with mean one is used to model the smallscale fading over each channel, with h i j denoting the channel coefficient between nodes i and j .
The aggregate interference at a typical D2D user is the interference from cellular transmitters and other D2D transmitters:
where˜ D is a PPP representing the set of effective D2D transmitters with intensityλ D = κρλ D ; and ρ is the transmission probability of a D2D user derived in Section III. Lemma 2: The Laplace transform of I tot,D can be characterized as
Theorem 1: In interference-limited network (σ 2 = 0) and for a generic path-loss exponent α, the probability that a typical UE i is in D2D mode can be expressed as
where
and μ d is the maximum allowable distance between a D2D pair. 5 Proof: Since h 0 ∼ exp(1), then P (h 0 ≥ x) = e −x , then we can write the following:
D ; and (b) comes from the fact of ignoring the noise σ 2 = 0 and using the uniform distribution PDF between a D2D pair with maximum allowable distance of μ d (similar to Eq. (1)).
Note that from Eq. (6), as μ d → 0, q → 1; and as μ d → ∞, q → 0. If a typical UE i cannot be in D2D mode, then it becomes a cellular user, such that
Let be the probability that a BS assigns any κ|B| channels to serve its users. Then is given by [27] :
where N u is the number of users associated to a BS, and P (N u = n) is given in [Eq. 6 in [27] ]. Then,˜ C is a point process representing the set of CUs not using κ|B| subchannels with intensityλ C = (1 − )λ C . Note that˜ C is not a PPP due to the correlation among uplink CUs, where each CU is assigned a unique channel by the BS. However this dependency is weak and can be ignored as shown in [23] and [28] in order to provide a tractable analysis.
III. RF ENERGY HARVESTING MODEL
In this section, we model the RF energy harvesting system using stochastic geometry.
A. RF Energy Harvesting Technology
In RF energy harvesting, radio signals with frequencies ranging from 3 kHz to 300 GHz can be used as a medium to carry energy in the form of electromagnetic radiation. The received signal strength of an RF transmission decays at a rate that is inversely proportional to the distance between the transmitter and receiver, specifically at 20 dB per decade of the distance [29] . Thus, RF energy harvesting depends on three main factors: the transmit power of the energy source, the distance between the RF energy source and the harvesting node, and the wavelength of the RF signals [29] .
In the context of energy harvesting, RF sources can be classified into two categories: dedicated RF sources and ambient RF sources. Dedicated RF sources use license-free ISM frequency bands to provide energy to nodes when a more predictable energy supply is needed. The downside of dedicated RF sources is that they can incur a high cost for deployment in the network, and their power can be limited by federal regulations due to health and safety concerns about RF radiation. For example, in the 900 MHz frequency band, the maximum allowable transmission power is 4 W, which gets attenuated to 10 uW at a moderate distance of 20 m [29] .
On the other hand, ambient RF sources provide "free" energy because they are not intended specifically for RF energy transfer. The transmit power can vary from 10 6 W for TV towers to around 0.1 W for mobile communication devices and WiFi systems [29] . As a matter of fact, an antenna of 300 mm × 300 mm was used to power embedded sensors from ambient digital TV signals, where the net harvested RF energy reached 126.2 uW [31] . Furthermore, in a recent breakthrough, Drayson Technologies has developed a new RF energy harvesting technology called "Freevolt" which harvests energy from wireless data and broadcast networks. The expected harvested RF power achieved was 100 uW at an RF power density of 40 uW/cm 2 using a patch antenna. This would be very useful for D2D users and MTC devices since they operate at lower power than cellular users. More details on this technology can be found in [19] .
Although RF energy harvesting has the least energy intensity compared to other energy harvesting sources, it has several desirable properties. In particular, it does not depend on the weather or geographical region (unlike solar and wind energy); it can be used in any location that has a high incidence of strong ambient RF waves; and it can drive more than one device at the same time. In this paper, we assume that D2D transmitters harvest energy from ambient interference caused by uplink cellular transmissions.
B. Expected RF Energy Harvesting Rate
Each D2D UE is equipped with an RF power conversion circuit that extracts DC power from the received electromagnetic waves [32] . Without loss of generality, we assume that the D2D transmitter is located at the origin. It is important to note that we are only interested in cellular transmitters that are not using κ|B| subchannels (i.e.,˜ C ), since we assume that D2D users cannot use κ|B| subchannels for harvesting energy and transmitting information simultaneously to simplify the system operation and analysis. The cellular uplink RF interference samples received by a D2D user from CUs inside and outside of the macrocell region A can be expressed as [41] :
where n = 0, 1, . . . , N − 1 is the sample index with N being the total number of samples; [n] . When N is large, by the central limit theorem, the distribution of ζ approaches a Gaussian distribution. Thus, we can characterize the mean and variance of ζ as [33] :
where |A| denotes the number of cellular transmitters inside the macrocell region. In Eq. (9), the random variable I RF depends on the spatial distribution of cellular users. Thus, we can express the expected RF energy harvesting rate η as [41] :
where υ e is the RF energy conversion efficiency; f I RF (x) is the PDF of I RF ; and P (ζ > 0|I RF ) = Q −N x/ x + σ 2 n , where the Q-function is the tail probability of the standard normal distribution. Next, we will obtain an expression for f I RF (x) in order to characterize η.
The following lemma provides an expression of the Laplace transform of I RF using stochastic geometry tools, which provide an accurate and tractable analysis that fully captures the spatial locations of ambient RF signals.
Lemma 3:
Proof: See Appendix B. For the special case of α = 4, we have:
. Then, we can obtain an expression for the PDF of I RF for α = 4 using the inverse Laplace transform 6 :
Theorem 2: The expected RF energy harvesting rate, when the path loss exponent α = 4, is expressed as
dx.
(13)
Proof: The result is obtained by substituting (12) into (10).
C. Energy Utilization Rate
The energy utilization rate υ is defined as the number of units of energy required per second by a D2D user [36] .
Theorem 3: The energy utilization rate can be expressed as
Proof: Without loss of generality, the transmission region R 0 ( ) ⊂ R 2 around a typical D2D user is random and defined as the range within which other nodes can receive its signal with a power above a decoding threshold . This allows a receiver to satisfy a minimum SINR so that the two nodes are connected [37] . We define the transmission region as [27] :
where is the minimum power level required to be successfully heard (may or may not decode successfully). The area of the transmission region is defined as [36] :
where the indicator function ½(A) for event A is equal to one if A occurs or else is zero. The average transmission area is:
6 It is important to note that as in many existing literature in the field of stochastic geometry analysis [34] , [35] , a closed-form expression of the inverse Laplace transform of Eq. (11) can only be obtained when α = 4.
where (a) comes from the fact that: 
D. Transmission Probability of D2D User
Let S t,k denote the battery level at time t for D2D user k. The dynamics of the battery level can be captured as: S t,k = min S t −1,k + η − υ½ S t −1,k ≥ υ , G , where G is the battery capacity, which we assume is identical for all users. We define the transmission probability ρ of a D2D user as [39] :
Assuming infinite battery capacity [38] and a saturated buffer model (i.e., D2D users always have traffic to send), and using calculations in [39] , we can express the transmission probability of D2D user as
IV. SPECTRAL EFFICIENCY ANALYSIS
In this section, we characterize the spectral efficiency of cellular, D2D and MTC links in both direct and relay modes by calculating E log (1 + SINR) in each of these cases. For the D2D-assisted MTC mode, instead of assuming that the transmissions in the first and second time slots are independent, we introduce the temporal and spatial correlation in order to make the analysis more realistic and practical (see Section IV-C.2).
A. Cellular Spectral Efficiency Analysis
Similar to [11] , we adopt the spatial Aloha access scheme for MTC devices, where the device transmits with probability in each time slot and refrains from transmission with probability 1 − . Thus, the effective cochannel MTC interferers form a thinning HPPP˜ M from M with intensityλ M = λ M . Without loss of generality, the aggregate interference at a typical BS comes from cellular transmitters in other cells; D2D transmitters and MTC devices in all cells. It is expressed as:
Lemma 4: The Laplace transform of I BS is characterized as
Proof: See Appendix C. From (21) , increasing P C , P M orP D increases the amount of interference at the BS, with P C having the greatest impact due to the larger transmit power when compared to D2D or MTC devices. Furthermore, increasingλ D orλ M can negatively impact the cellular spectral efficiency. That is why it is important to carefully design κ to protect cellular transmissions, without negatively impacting D2D and MTC spectral efficiency.
Theorem 4:
In an interference-limited network (σ 2 = 0) and for α = 4, we have
C ; and
We use similar calculation steps as in Theorem 1, with the assumption of CUs being uniformly distributed within a fixed region [40] .
From Theorem 4, it can be seen that increasing D2D and MTC intensities decreases the cellular coverage probability.
Theorem 5: The spatially averaged spectral efficiency of the cellular transmitters, R C , can be characterized as [33] 
Proof: See Appendix D. Remarks: From (22), we note that the intensity of cellular transmitters, λ C , is only included in the denominator of the non-integral term of R C . Thus, as λ C increases, R C decreases.
B. D2D Spectral Efficiency Analysis
Theorem 6: Using similar calculation steps as in Appendix D, we can express the spatially averaged spectral efficiency of the D2D links, R D , as
C. MTC Spectral Efficiency Analysis 1) Direct MTC Link:
The following theorem provides an expression for the average SIR probability at a typical BS for the direct MTC link.
Theorem 7: In interference-limited network (σ 2 = 0) and for path-loss exponent α = 4, we have
Proof: Similar derivation steps as in Theorem 1. Theorem 8: The spatially averaged spectral efficiency of the direct MTC links, R d M , can be characterized as
(24) 2) D2D-Assisted MTC Link: Cooperation introduces a correlation in the aggregate interference due to receivers being closely located to each other, thereby affecting the system performance and rendering the analysis much more complex [16] . In this section, we derive the average SIR of the MTC relay link under correlated interference, where the interference at the relay and at the BS originate from the same set of interferers [41] (see Fig. 2 ).
We shall ignore the noise (σ 2 = 0) and proceed with the calculations for interference-limited networks. Let us first consider the case when there is a single D2D relay available in the assist region. Later, we will extend the result to when multiple D2D relays exist within the transmitter's assist region.
We consider that both source node s and relay node r work in time division duplex (TDD) mode, i.e., only one node transmits at any time in the two-hop relay link. The aggregated interference at the relay node r during time slot t:
Similarly, the aggregated interference at destination node d is:
Then, the channel SIR between the source and relay is given by γ s,r = P M h sr l(s, r )/I t r , while the channel SIR between the relay and destination is given by
The following theorem provides an expression for the average SIR probability
Theorem 9: In interference-limited network (σ 2 = 0) and for generic path-loss exponent α, we have 
33).
Proof: See Appendix E. Extending the above to when multiple D2D relays exist in the assist region of the MTC CH, we obtain the same as Eq. (25), but with
Theorem 10: The spatially averaged spectral efficiency of the D2D-assisted MTC links, R r M , can be characterized as
Remarks: Increasing any of the intensities of cellular, D2D or MTC devices decreases R r
M . We will be using the obtained expressions in Section V to study the impact of different parameters, such as the cellular intensity, number of channels, and spectrum partition factor, on the spectral efficiency of MTC, D2D and cellular networks.
V. SIMULATION RESULTS AND ANALYSIS
In this section, we present analytical and simulation results for D2D-assisted MTC communication as an underlay to the uplink cellular network, with energy harvesting D2D users. The parameters in plotting the numerical and simulation results are summarized in Table II unless otherwise specified. 7 In Fig. 4 , we plot the average MTC spectral efficiency for both the direct MTC mode and D2D-assisted MTC mode versus 7 We used similar parameters values to [20] and [30] . the intensity of cellular users. For the direct MTC mode, a larger population of cellular users negatively impact the MTC spectral efficiency due to the larger cellular and D2D interference on MTC links. However this is not true for the D2D-assisted MTC mode, where a larger population of cellular users positively impact the MTC spectral efficiency. This is explained by the fact that the average D2D transmission probability increases with λ C , as shown in Fig. 6 , due to D2D users being able to harvest more RF power from ambient cellular interference. This increases the number of D2D transmissions that can be supported in the network, thereby offloading more MTC traffic on the shorter D2D links. Furthermore, it is interesting to see that with κ = 0.8, we can achieve higher spectral efficiency than a smaller κ; however beyond a specific λ C , improvement in spectral efficiency can no longer be seen, since the D2D users are less capable of harvesting RF power from the (1 − κ)|B| subchannels, as they have now access to a larger cellular spectrum proportion.
To elaborate further on this, we capture the impact that κ has on the coverage probability of MTC devices in Fig 5. The figure shows that as κ increases, i.e., a larger fraction of the spectrum is available for D2D transmissions, the coverage probability of MTC devices increases due to offloading more MTC traffic on the shorter D2D links. Fig. 6 depicts the D2D transmission probability versus λ C for different values of |B|. When more channels are available in the network, D2D users can harvest more RF power from them. As can be seen from Fig. 6 , a higher number of channels does not necessarily provide larger benefits to D2D users, as |B| = 30 channels still give comparable performance to |B| = 60 channels, especially when λ C is small. On the other hand, as |B| becomes smaller, the transmission probability of D2D users starts decreasing due to reducing the number of subchannels D2D users can harvest from. Fig. 7 shows the impact of ρ on the cellular spectral efficiency R C . As the transmission probability, ρ, of D2D users increases, R C decreases, since more active D2D users means more interference at cellular transmitters. As the spectrum partition factor, κ, increases, more D2D users are accessing the spectrum thereby creating more interference in the cellular network. However, note that it is difficult to achieve ρ = 1 as κ increases, since D2D users will harvest less RF power from (1 − κ)|B| subchannels. Thus, this figure is just to show the impact that ρ can have on R C . To show the balance between efficiency and fairness among D2D and cellular transmitters that are sharing the cellular spectrum, we plot the weighted proportional-fair spectral efficiency, R p in Fig. 8 . It can be expressed as [11] : Fig. 8 shows that as the probability of UEs operating in D2D mode, q, increases from 0.5 to 0.7, so does the proportionalfair spectral efficiency R p of the whole network. However, when q = 0.9, i.e., there is aggressive D2D offloading, R p decreases as explained in [43] . Furthermore, as the spectrum partition factor κ increases, R p first increases and then decreases, which reveals an interesting trade-off between cellular users, D2D users and the optimal κ that maximizes R p . For instance, for q = 0.7, R p is maximized when κ = 0.2; and as q decreases to 0.5, the maximum R p is achieved when κ = 0.3. After that, as κ increases further, R p starts decreasing mainly due to two reasons: 1) increasing the interference at cellular transmitters from D2D links, which negatively affects the cellular spectral efficiency; and 2) increasing κ means the intensity of cellular users not using κ|B| subchannels, C , decreases, which reduces the probability of D2D users harvesting enough RF energy from ambient cellular signals, thereby decreasing their transmission probability. This shows that RF energy harvesting can be beneficial to the whole network when κ is small. Using the results of Fig. 4 and Fig. 8 , we conclude that choosing a smaller value for κ (for instance κ = 0.2), with more UEs operating in D2D mode, we can target mainly two important performance criteria: 1) a balance and fairness among cellular and D2D users; and 2) a high MTC spectral efficiency from offloading the traffic onto D2D links, especially in dense cellular environment.
Finally, Fig. 9 shows the average D2D spectral efficiency, R D , in terms of λ C for different values of |B|. For |B| > 10, as λ C increases, R D increases due to an increase in the D2D transmission probability ρ (see Fig. 6 ), without being negatively impacted by an increase in cellular interference at D2D users. However, this is not true when the number of channels is small and D2D users cannot harvest enough energy nor increase their spectrum access. Also note that for |B| = 10, R D becomes stable beyond λ C ≈ 7λ B and does not improve anymore, unlike the case of |B| = 40, mainly due to limiting the amount of harvested RF power.
VI. CONCLUSIONS
In this paper, we have analyzed the spectral efficiency and coverage probability of D2D-assisted MTC communications under spatially correlated interference using stochastic geometry. First, we analytically characterized the D2D transmission probability in terms of RF energy harvesting and energy utilization rates. Second, we derived expressions for the spectral efficiency in order to study the impact of RF energy harvesting on system performance. Simulation results have shown that a small spectrum partition factor κ (κ = 0.2 or κ = 0.3 when 70% or 50% of UEs operate in D2D mode, respectively), combined with an adequate number of available channels in the network (|B| = 30 to 40) can achieve i) a balance and fairness in weighted spectral efficiency among D2D and cellular users that are sharing the spectrum; ii) a higher D2D transmission probability; and iii) a relatively high MTC and D2D spectral efficiency in a dense cellular environment.
APPENDIX A PROOF OF LEMMA 1
APPENDIX B PROOF OF LEMMA 3 We assume a typical D2D user at the origin using Slivniyaks theorem [44] . Let x i be the location of CU and y i (x i ) the location of corresponding serving BS. 
where (a) comes from the independence of B and C and (b) comes from the fact that a CU would select the nearest BS y * . Note that the distances from CU to serving BSs are correlated; however this correlation is very weak and can be ignored [23] , which justifies the approximation. 
where ( 
APPENDIX D PROOF OF THEOREM 5
The spectral efficiency of cellular users is defined by Proposition 3 in [11] as:
where N is a random variable representing the number of cellular transmitters in a cell. Considering a cell area S, and having B independent from C , we have:
(Sλ C ) n−1 e −Sλ C n(n − 1)
To obtain a closed-form expression for the PDF of S, we use a sufficiently accurate approximation as defined in [45] :
Substituting (31) 
where 2πr λ B e −πλ B r 2 is the PDF of the transceiver distance. Substituting (32) in (29) analytically characterizes R C . 
APPENDIX E PROOF
